Studies in which '4C-labeled precursors were fed to etiolated barley leaves (Hordeum vulgare L. var. Proctor) yielded chlorophyll and protoheme having similalr specific radioactivities. These findings indicate: (a) there appears to be a rapid turnover of protoheme in the absence of net synthesis; (b) both pigments probably originate from a single 5-aminolevulinic acid pool; (c) the efficient utilization of glutamate-l-4C and the relatively poor utilization of glycine-2-14C suggest that 5-aminolevulinic acid is probably synthesized by a pathway other than 5-aminolevulinic acid synthetase (succinyl CoAglycine succinyltransferase) in agreement with previously published work; (d) protoheme turnover appears to be faster under conditions which allow for rapid chlorophyll accumulation; (e) difference spectra indicate that mitochondrial cytochromes make a relatively minor contribution to the total heme in barley leaves. These findings are discussed in the light of current knowledge about tetrapyrrole regulation in photosynthetic organisms.
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Recent findings suggest that during Chl biosynthesis in higher plants ALA3 may not be formed by the succinyl CoA glycine succinyltransferase reaction (EC 2.3. 1 .37) (3, 5) . The most effective precursors of radioactive ALA were not labeled succinate and glycine-2 14C, but the 5-carbon dicarboxylic compounds, 2-ketoglutaric acid, glutamic acid, and glutamine. A pathway in which the whole 5-carbon skeleton of these compounds is converted to the 5-carbon skeleton of ALA has been postulated (5) .
Higher plants synthesize two classes of tetrapyrrole pigments (Chl and hemes) and contain two types of organelle (chloroplasts and mitochondria), that have some limited biosynthetic autonomy. It cannot be decided a priori whether all higher plant ALA is formed via a single biochemical sequence or whether it is formed by either of two pathways, namely, the succinyl transfer reaction or the newly postulated 5-carbon pathway, depending on the tissue or the organelle in question and the identity of the tetrapyrrole that is being made (11) . The exact concentration of carrier protoheme was determined by the pyridine hemochrome assay. The volume of heme solution was then reduced by careful evaporation until fine protoheme crystals just began to form. A few drops of glacial acid were added, and the flask was allowed to stand overnight in the dark. The protoheme crystals were collected by centrifugation, washed repeatedly with H20, dried in vacuo, and then washed repeatedly with ether. To calculate the recovery of protoheme, the crystals were dissolved in 2 ml of pyridine and small aliquots were removed for the pyridine hemochrome assay. When necessary, aliquots of the pyridine solutions were dried on planchettes and counted using a gas flow counter.
Solvent Partition. For the study of 'FeCl3 incorporation into protoheme, after aliquots of the acetone-HCl extract had been assayed for protoheme, 5 ml of heme carrier solution in acetone were added to the remainder. The acetone extract (50 ml) was mixed with an equal volume of ether and washed 5 times with 50 ml of 1% HCl (v/v) and twice with 50 ml of H,O. The ether layer was evaporated to dryness, the residue dissolved in pyridine, and the specific radioactivity of the protoheme was determined.
SPECTROPHOTOMETRIC MEASUREMENTS
Chlorophyll and protochlorophyll were determined from the absorbances at 626, 645, and 663 nm (1, 4) , and pheophorbide a from the absorbance of its a peak at 667 nm (E mM = 55.5) (15) . Protoheme was determined by its pyridine hemochrome difference spectrum. Protoheme-containing samples were dissolved in 5 ml of alkaline pyridine (2 (Fig. 1) . On the other hand, during this time acid acetone-extractable protoheme increases at most by one-third the original value (Fig. 1) . Table I summarizes a series of experiments on the simultaneous labeling of Chl a and protoheme from a variety of "C- precursors. Protoheme and phenophorbide a (derived from Chl a) were purified as described, and the specific radioactivity of each compound was determined. In each of these experiments using a single "C-labeled precursor, the specific radioactivities in protoheme and pheophorbide a were found to be very similar (Table I) (Table II) . Glutamate is definitely more effective than glycine in the la- The labeling of protoheme was greater when the tissue was incubated in the light than in the dark, even after correction for the difference in uptake between the light and dark samples. Two 5-g samples of etiolated barley tissue were incubated with 4.2 X 1O0' cpm of 25FeC13 in 5 ml of 10 mm ascorbic acid respectively in the light and in the dark. After 5 hr the protoheme was extracted and the specific radioactivity determined. The light-incubated sample yielded protoheme with a specific radioactivity of 578 cpm/nmole. The protoheme extracted from the dark-incubated sample had specific radioactivity of 295 cpm/nmole. The uptake of "5Fe from the medium was 25% greater in the light than in the dark.
The rate of Chl accumulation appears to influence the rate of protoheme labeling. One tray of barley seedlings was divided into two halves; one half was allowed to green under fluorescent light, the other half was kept in the dark. After 18 hr, 5-g samples were taken from both green and etiolated seedlings and incubated in the usual manner for 5 hr with 10 ,uCi of Lglutamate-U-`4C. The green tissue incorporated significantly less radioactivity into protoheme than the etiolated tissue. The specific radioactivity of protoheme was 82 cpm/nmole for the green tissue, and 178 cpm/nmole for the etiolated tissue. The uptake of glutamate-'4C was about 20% greater in the green than in the etiolated tissue. The Chl content of the green tissue, 780 nmoles/g fresh weight, did not change significantly during the 5 hr incubation. (Table III) .
DISCUSSION
Our experimental findings show a good correlation between the labeling of heme and that of Chl from exogenous "C compounds (Tables I and II) . Both of these tetrapyrroles are labeled more effectively from glutamate than glycine, in agreement with the 5-carbon pathway previously postulated on the basis of labeling studies on ALA accumulated in levulinic acidtreated tissues (5) . The specific activities in protoheme and Chl are in most cases sufficiently close to suggest that both pigments are synthesized from a common ALA pool (Table I ). This closeness implies that the regulation of Chl and hemes does not involve spatial compartmentation at the level of ALA production.
The Chl level undergoes a 35-fold increase during the first 5 hr of illumination, whereas the heme level remains unchanged (Fig. 1) . To explain the labeling of heme in the absence of net synthesis we might suggest as a working hypothesis that while Chl is being synthesized, acid-extractable protoheme is turning over at a comparable rate. Heme turnover has been demonstrated, directly or indirectly, to occur in several hemoprotein systems. Bunn and Jandl (7) have shown the exchange of ferriheme between hemoglobins A and F. Bock and Siekevitz (6) have studied the independent turnover of heme and apoprotein in rat liver microsomal Cyt b5, using in vivo double labeling techniques. Haddock (12) has shown that an E. coli mutant which lacks ALA synthetase can nevertheless synthesize Cyt b aproprotein and embed it into the cytoplasmic membrane. Electron transport particles prepared from this mutant lack NADH oxidase activity, which can be introduced by incubating them in vitro with hematin and ATP.
Unfortunately, our experimental technique, involving the feeding of labeled substrates through the cut surface of barley leaves, does not lend itself to pulse-chase experiments, which are required to confirm our protoheme turnover hypothesis and to give a quantitative description of the turnover kinetics. We are indeed considering such experiments using biological material with a greater absorptive surface to volume ratio than barley leaves.
The heme proteins present in etiolated barley tissue appear to be primarily those associated with the photosynthetic apparatus: Cyt f, b 599, and b 563 (Fig. 2) (Fig. 3) .
In analogy to the accepted scheme for tetrapyrrole regulation in photosynthetic bacteria, the coarse control over the whole system is exerted by protoheme, possibly through a hemoprotein, on the synthesis of ALA. The fine control is entrusted to a heme breakdown mechanism which regulates the protoheme level.
Light can overcome the protoheme block on ALA synthesis. It is not known whether this light effect is tied to protochlorophyllide photoconversion as indicated by the dotted line in Figure 3 . Only a careful measurement of the action spectrum for ALA accumulation in the presence of levulinic acid can resolve this point. Teleologically, it would seem that mediating the light effect on ALA formation through protochlorophyllide photoconversion is a good way to ensure that the needs of the Chl branch are immediately felt on the first step of the tetrapyrrole pathway.
